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ABSTRACT: Mechanically strong, ionically conductive, and opera-
tionally safe electrolytes are of paramount importance to flexible and "o 450 | SR 49 ©
wearable electronics. Herein, we report a three-dimensional, double- & 2
cross-linked gelatin and sodium alginate hydrogel imbibed with E S
ZnSO, aqueous solution as an electrolyte membrane for flexible Zn- % 300 =2
ion batteries. We show that the designed polymer electrolyte & o
membrane exhibits superior properties in ionic conductivity, J 8.
mechanical flexibility, electrochemical stability, and compatibility 2 150 g
with the Zn anode. The resultant Zn-ion battery outperforms the g =
baseline liquid counterpart in capacity, rate capability, and cycle ¢ S, 0 &
stability, making it a promising electrolyte membrane candidate for 0 0 100 200 300 400

flexible batteries for wearable electronics.

Cycle number

KEYWORDS: three-dimensional polymeric network, flexibility, ionic conductivity, semisolid electrolyte, aqueous Zn-ion batteries

he recent high demand for wearable electronics has called

for a rapid development of long-life, flexible, and high-
safety power sources.' ° Rechargeable aqueous Zn-ion
batteries (ZIBs) stand out for this application due to their
high theoretical volumetric capacity (5854 mAh cm™), fast
charge/discharge rate, low toxicity, and inherent safety."”°
However, traditional ZIBs with liquid electrolytes are
vulnerable to Zn-dendrite attack and electrolyte leakage,
which not only affects battery performance but also causes
safety concerns.”® Conventional solid electrolytes consisting of
ceramic or polymer materials are either too brittle or less
conductive, making them unsuitable for wearable batteries
(WBs).”"" In comparison, semisolid polymer electrolytes
(SSPEs) comprised of an expandable polymer network
imbibed with adjustable amounts of electrolyte solution
possess a solid-like structure but with liquid-like ionic
conductivity, thus making it a better alternative for WB
applications."' "

In the literature, Li*- and Na*-conducting SSPEs are widely
reported.lé_18 In comparison, there are fewer reports on Zn?*-
conducting SSPEs. Earlier studies on ZIB-SSPEs are mainly
focused on polymer hosts such as poly(ethylene oxide)
(PEO)," poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF—HFP),** and poly(vinyl alcohol) (PVA)*' filled with
aqueous Zn salts. Unfortunately, these electrolyte membranes
have either low ionic conductivity or poor mechanical strength.
A recent interesting development in ZIB-SSPEs is the use of
gelatin (GE) as a polymer matrix to host aqueous Zn salts.
Derived from collagens, GE is a biocompatible, hydrophilic
polymer widely used in food (e.g, chewing candies) and
pharmaceutical (e.g,, pill capsule) industries.””** A main
drawback for GE to be a host matrix is, however, its low
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mechanical strength. To address this issue, cryogenically
prepared gelatin hydrogel and polyacrylamide (PAM)-grafted
gelatin reinforced by electrospun polyacrylonitrile fibers have
been explored.”** The enhanced electrochemical and
mechanical properties have inspired the exploration of more
effective ways to improve GE-based membranes for practical
WBs. Another well-known gel forming biopolymer is sodium
alginate (SA). Because of its high modulus, high concentration
of polar groups, and easy cross-linking with cations,””*” SA is
also considered a potential candidate as a membrane material.

Here we report a three-dimensional (3D), double-cross-
linked hydrogel derived from GE and sodium alginate (SA) as
the host for Zn-ion conduction. Our approach to developing a
flexible and robust Zn**-SSPE membrane is to leverage the
advantages of GE and SA, i.e., the hydrophilicity of GE as well
as high dielectric strength and high modulus of SA, through
two cross-linking reactions to form an interpenetrating 3D
network with ample polar groups (carboxyl and hydroxyl) that
can facilitate the dissociation of inorganic salts and immobilize
the electrolyte solution. More importantly, the strong covalent
bonding and reversible ionic and hydrogen bonding are
coexistent within the dual network, which provides the
membrane with flexibility, toughness, self-healing ability, and
thermal stability. Previous research on GE/SA hybrid has
primarily focused on tissue engineering scaffolds (e.g.
regeneration of tooth, bone, and skin).”®*” To the best of
our knowledge, our work is the first demonstration of GE/SA
cross-linked hybrid membrane as a flexible, tough, and yet
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Figure 1. (a) Schematic of the overall process to make GAME. (b) Cross-linked polymers of G-GE (GE cross-link with glutaraldehyde) and Ca-

alginate (SA cross-link with CaCl,).

biocompatible polymer electrolyte host for potential WB
applications.

The basic synthesis procedure and the corresponding cross-
linking reactions are shown in Figure 1 for the gelatine- and
alginate-based membrane electrolyte (denoted as GAME). The
first cross-linking reaction takes place between GE and
glutaraldehyde (Figure Sla), where the amine groups in GE
are covalently bonded with the aldehyde groups in
glutaraldehyde,’”*" forming a cross-linked GE hydrogel
(denoted as G-GE). The covalent bonding has strong
interactions, which enhances the mechanical strength. Next,
an ionically cross-linking reaction takes place between SA and
CaCl, via ion exchange (Figure S1b). Many multivalent cations
have been investigated to cross-link with SA, but most of them
(e.g, Pb, Cu, Cd, and Ba) are too toxic.””** Selection of Ca**
for cross-linking cation represents a balance between affinity
and environmentally friendliness. After ionic cross-linking with
Ca®*, the blocks in SA chains form a network microstructure
(denoted as Ca-alginate), providing a robust scaffold for Zn-
ion transport after electrolyte uptake. On the other hand, it is
reported that the ionic bonding in the polymer is a dynamic
and reversible interaction, which could break and dissipate
energy during stretching and self-healing upon unloading, thus
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ensuring a good stretchability of the polymer matrix.’* After
imbibing in ZnSO, solution, the membrane finally transforms
into a flexible Zn-ion conducting electrolyte. Based on the
unique properties derived from GE-SA cross-linking reactions,
the following advantages are expected for the GAME: (1) the
abundant hydrophilic functional hydroxyl and carboxylic
groups on the polymer chains facilitate ZnSO, absorption
and dissociation; (2) the interpenetrated 3D network not only
provides the material with high mechanical strength but also
ensures more liquid electrolyte uptake; and (3) the rigid
covalent bonding can dissipate mechanical energy induced by
deformation, while the reversible ionic bonding together with
hydrogen bonding and chain entanglements between the two
polymers allow a quick recovery after the deformation.
Therefore, it is expected that the new GAME electrolyte will
exhibit both good mechanical and electrochemical perform-
ances.

The mass ratio of GE and SA in GAME was optimized based
on mechanical strength, phase composition, and ionic
conductivity. For comparison, a pure GE membrane (denoted
as GEM) and SA membrane (denoted as SAM) were also
prepared by imbibing in a 2 M ZnSO, solution. Figure 2a
shows the stress—strain curves of GEM and GAME at different
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Figure 2. Optimal GE/SA ratio and physiochemical properties of the GAME. (a) Stress—strain curves of SAM, GEM, and GAME. (b) XRD
patterns of GE, SA, and dry GAME. (c) Ionic conductivity of GEM and GAME. (d) FTIR spectra of GE, SA, and dry GAME at GE/SA = 1/1. (e)
DTG analysis of GE, SA, and dry GAME at GE/SA = 1/1. (f) SEM image of dry GAME at GE/SA = 1/1 with different views.

GE/SA mass ratios. As expected, the pure SAM is tough and
rigid. Once mixed with the softer GEM and went through the
cross-link reactions, the GAME behavors more like a plastic,
but with much higher strength than the pure GEM. The latter
is expcted from the synergetic contributions between the cross-
linked polymers discussed above. The highest tensile strength,
2.14 MPa, of the GAME is observed at GE/SA = 1/1, which is
almost 1 order of magnitude higher than 0.32 MPa of GEM.

The phase evolution of the dry-GAME with different GE/SA
mass ratios is shown in Figure 2b of XRD patterns. Because SA
disrupts the alignment of GE chains, the peak intensity of GE
continuously decreases with increasing SA content. At GE/SA
= 1/1, the dry-GAME is predominantly amorphous. At either
GE/SA < 1/1 or >1/1, the crystalline peaks of SA or GE
gradually appear, implying that excess SA or GE disru;)ts the
GE-SA interactions. According to previous research,™*¢ the
amorphous voids could facilitate more liquid electrolyte
uptake. Therefore, Figure 2c shows that the GE/SA = 1/1
with the highest degree of amorphousness exhibits the highest
ionic conductivity of 3.7 X 107> S cm™', which represents a
marked enhancement over other ZIB-SSPEs reported (Table
S1).

To understand the internal molecular interactions within the
optimal GAME composition (GE/SA = 1/1), FTIR spectra
were performed. Figure S2 shows FTIR spectra of SA and GE
accompanied by their cross-link products of Ca-alginate and G-
GE, respectively. The obvious band shift and strength change
of the characteristic peaks confirm the successful cross-link
reaction of SA with Ca®" ions and GE with glutaraldehyde. The
FTIR spectra of GE, SA, and dry-GAME are further compared
in Figure 2d. After the cross-link reaction, —COQ~ stretching
at 1408 cm™" in SA shifts to higher wavenumber of 1428 cm™'
in dry-GAME, implzring the presence of ionic bonding between
—COO™ and Ca?".""~ Contrary to the peak shifts observed
in GE to G-GE conversion (Figure S2b), the band at 1538
em™ in GE decreases to 1534 cm™ in dry-GAME, which
mainly due to the hydrogen bonds formed between —COO~
groups in Ca-alginate and —CONH, groups in G-GE.»%
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Furthermore, the broad peak centered at about 1623 cm™ in
dry-GAME could also be attributed to the peak overlaps of
amide in G-GE and —COO~ in Ca-alginate.41 Overall, the
FTIR results provide a strong evidence for the intermolecular
interactions and good molecular compatibility between SA and
GE.

The thermal stability of GAME was also analyzed by
thermogravimetric analysis (TGA). Figure 2e shows differ-
ential thermal gravimetry (DTG) data of GE, SA, and dry-
GAME. The initial fluctuations of the three samples before 200
°C are mainly due to the adsorbed moisture. The peak at 236
°C for SA is related to its decomposition and formation of
intermediate product (Na,CO,),*® while the peak at 302 °C
for GE is due to its decomposition and loss of ammonia.** In
comparison, the thermal decomposition temperatures in dry-
GAME increase to 239 and 314 °C, respectively. This implies
the formation of stronger bonding within the polymers and
therefore a better stability in GAME.””

Figure 2f shows SEM images of the optimal GAME (GE/SA
= 1/1) after freeze-drying. From the cross-sectional view, it is
clear to observe that the interconnected porous channels
within the network are formed. Such a porous structure is
favorable to imbibe more electrolyte solutions and thus to
achieve a high ionic conductivity, as demonstrated in Figure 2¢
and further confirmed by the maximal water uptake (219%, see
Figure S3). Additionally, a flat and smooth surface is observed
from the top view. Atomic force microscopy (AFM) image
confirms that its surface roughness is only ~16 nm (Figure
S4). For the solid—solid interface in this system, the smooth
surface is necessary to ensure a low GAME/electrode contact
resistance and promote ion transport.43 In comparison,
nonoptimal dry-GAMEs (e.g., GE/SA = 3/1 and 1/3) exhibit
a higher degree of surface roughness, severer particle
aggregation/ segregation, and more compacted texture (Figure
SS), which leads to a weaker mechanical strength (Figure 2a),
less water uptake (Figure S3), and lower ionic conductivity
(Figure 2c). Hence, GAME with mass ratio of GE/SA = 1/1
was selected for further electrochemical tests in ZIBs.
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Figure 3. (a) Cyclic performance of GAME and GEM electrodes at 0.5 mA cm™ (b) Coulombic efficiency of GAME measured at 1.0 mA cm™
for 1.0 mAh cm™. (c) Comparison of the cyclic stability among three different electrolytes at 2.0 A g™'. (d) Rate capability of the GAME cells at
various current densities. (e) Ragone plot of GAME-ZIB compared with other ZIBs.

The compatibility of the selected GAME with Zn anode was
first evaluated by symmetric cells. Figure 3a compares the
plating/stripping cycles at 0.5 mA cm™ between GAME and
GEM. The GEM cell experiences a gradual increase in voltage
oscillations and ultimately fails due to the Zn-dendrite attack.
In comparison, the GAME cell shows stable cycles with
negligible voltage fluctuation for 400 h. The better stability of
Zn plating/stripping with GAME is further supported by
Figure 3b, where a stable Coulombic efficiency vs cycle is
shown at a higher current density of 1.0 mA cm™ for 300
cycles. The outstanding plating/stripping performance of
GAME is attributed to its flexibility and toughness, which
can accommodate the volume change during Zn deposition,
thus suppressing the growth of Zn dendrites. In contrast, the
GEM with lower mechanical strength can hardly suppress the
growth of dendritic Zn during long cycling, leading to fast
failure of the battery. Moreover, linear sweep voltammograms
in Figure S6 show that GAME gives a broader voltage window
than that of the GEM (2.1 V vs 1.6 V). To better understand
the nature of Zn-ion transport, the dependence of conductivity
on temperature is plotted for GAME and GEM in Figure S7.
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The ionic conductivity follows the Arrhenius relationship from
30 to 70 °C. The activation energy (E,) is 18.9 kJ mol™" for
GEM and only 9.9 k] mol™" for GAME. The considerably
lower E, infers that the Zn ion is much easier to transport in
GAME than GEM.

To demonstrate the performance of GAME in a practical
ZIB, full cells were assembled with V,05/CNT nanocomposite
as cathode and Zn metal as anode. V,Oq is selected as the
cathode due to its layered structure suitable for Zn** storage.
Note that we recognize that this is not the best ZIB cathode
developed so far. Many works have been reported to improve
the V,0; electrochemical performance by expanding interlayer,
creating mixed valence, avoiding cations intercalation, and
involving crystal water.** Here in this study, as our goal is to
demonstrate a new electrolyte membrane for flexible and
wearable batteries, we prepared the V,05 by a common
method used it to evaluate our electrolyte membrane and
compared with the liquid electrolyte performance. The XRD
patterns, Raman spectra, and SEM image accompanied by EDS
mapping confirm the formation of V,0;/CNT nanocomposite,
where V,0; nanowires with a diameter of 80—120 nm are
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Figure 4. Configuration and performance of a flexible semisolid Zn/V,O; battery. (a) Schematic diagram of a flexible semisolid Zn/V,O; battery.
(b) Cyclic performance at 2.0 A g". (c) Capacity retention vs bending cycle at 2.0 A g”". The insets show photographs of the battery under two
bending states. (d) Cyclic performance under various mechanical stimuli at 2.0 A g™".

intertwined with CNT in a diameter of ~30 nm (Figures S8—
S11).* The cyclic stabilities of GAME, GEM, and liquid
electrolyte are compared in Figure 3¢c. The GEM cell exhibits a
relatively low capacity with a fast decay; after 200 cycles, it
retains a capacity of only 69 mAh g~' (~35% retention rate) at
2 A g'. At the same current density, the liquid electrolyte cell
exhibits a higher capacity of 127 mAh g™' (~51% retention)
after 200 cycles. In contrast, the GAME cell shows the highest
capacity of 212 mAh g™' after 200 cycles (~85% retention),
and the capacity retains at 79% even after 400 cycles. The SEM
images of the Zn anode from the GAME and liquid electrolyte
cells after cycles are shown in Figure S12. Upon comparison
with the liquid electrolyte cell, where the Zn anode exhibits a
severe surface morphological change, the intactness of the Zn
anode in the GAME cell implies that Zn dendrite may have
been effectively suppressed, resulting in its better cyclic
stability.

The rate capabilities of GAME- and GEM-based cells are
compared in Figure 3d in a current density range of 1.0—20 A
g~ As expected, the GAME cell demonstrates a better rate
performance than the GEM cell, i.e., 260 vs 253 mAh g_I at 1.0
A g™' and 152 vs 101 mAh g™' at 20.0 A g~'. The relatively
inferior rate capability of the GEM cell is mainly attributed to
its lower ionic conductivity and poorer interfacial contacts with
electrodes. Compared to liquid-electrolyte-based ZIB cells with
V,05 cathodes synthesized by different methods,*™*° Figure
3e of the Ragone plot shows that the GAME-based ZIB cell is
among the top performers. The better rate and cyclic
performance of the GAME cell are believed to arise from
(1) a flat and smooth surface ensuring a good interfacial
contact between electrodes and GAME; (2) 3D cross-linked
network with rich functional groups providing good ionic
conductivity; and (3) the strong interactions of the polymers
offering both elasticity and toughness for a better resistance to
Zn-dendrite attacks. On the basis of above advantages, it is
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reasonable to expect that the GAME-based ZIB will also
perform well with recently reported better performing ZIB
cathodes.”' ~*

To demonstrate the flexibility, GAME cells with a simple
three-layer (i.e., V,0;/CNT cathode, GAME electrolyte, and
Zn anode) were assembled. Figures S13 and S14 show stable
open-circuit voltage under flat, 90°, and 180° angle and
nondiscernible discharge curves. Upon connection of the
assembled two larger pouch cells in series, Figure S15 shows
the lighting of nine light-emitting diodes (LED) even under a
180° bending state. However, there is a concern on permanent
mechanical deformation of the thin Zn foil after multiple
bending actions. To address this problem, we investigate the
use of a flexible graphite paper loaded with Zn, prepared by the
electrodeposition method (Figure S16), as an anode. The
XRD, SEM, and EDX elemental mapping confirm that the
flake-like Zn is uniformly deposited on the graphite papers
(Figures S17—S19). Figure 4a schematically shows the battery
assembled by sandwiching a GAME electrolyte between the
V,0;/CNT cathode and Zn/graphite paper anode. The cross-
sectional SEM image of the flexible semisolid Zn/V,O; battery
is shown in Figure S20. Figure 4b shows the cyclic stability of
the flexible battery at 2.0 A g™, delivering a capacity of 251
mAh g at the first cycle and 188 mAh g™ after 200 cycles at a
Coulombic efliciency >99.8%. By bending the battery to
various states, Figure 4¢ further shows that 89% and 86% of the
original capacity can be preserved after 400 bending cycles at a
bending diameter of 30 and 10 mm, respectively. Notably, the
SEM image of Figure S20 confirms that the GAME interfacial
area is well retained after mechanical bending cycles. The
cyclic performance with simultaneous folding and compressing
is also tested to further demonstrate the intrinsic elasticity and
toughness of the GAME. As depicted in Figure 4d, the cell can
undergo folding at a load of 1470X the device weight for S5
cycles, while still retaining 74% of the original capacity. In
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addition, the temperature-dependent specific capacity and the
corresponding charge/discharge curves of the semisolid Zn/
V,0;5 battery are shown in Figure S22. The battery exhibits a
stable reversible capacity as the temperature increases from 10
to 70 °C, indicating that the GAME is well suited to operate at
a large temperature window. Overall, these demonstrations
show that GAME-ZIBs are flexibile and strong enough for WB
applications.

In summary, a strong, flexible and biocompatible polymeric
membrane has been successfully synthesized by combining GE
and SA with sequential cross-linking reactions. The formed
polymeric matrix contains a 3D interpenetrating network,
strong intermolecular interactions, and high concentration of
hydrophilic functional groups, enabling good mechanical
property and thermal/electrochemical stability. When imbibed
in aqueous ZnSO,, the highly amorphous, hydrophilic polymer
membrane becomes an excellent Zn-ion conductor. The
electrochemical evaluations by symmetrical and full cells
confirm that the semisolid membrane electrolyte yields a
better reversible capacity, rate capability, and cyclic stability,
mainly benefiting from its higher conductivity and resistance to
Zn-dendrite attack. The flexible battery cell tests under various
bending angles, stress states, and mechanical stimuli also
demonstrate that the GAME is a robust electrolyte for ZIB-
based WB applications.
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semisolid Zn/V,0y battery at different temperature at 1
A g7', comparison of ion conductivities of Zn-ion
polymer electrolytes (PDF)
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